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i i  

A study of t r ans i en t  discharge of l iqu ids  from containers through 

The invest igat ion was conducted with o r i f i c e s  and tubes is described. 

spec ia l  a t tent ion being devoted t o  the  development of proper sca l ing  

procedures and s i m i l a r i t y  re la t ionships .  

mass flow r a t e  was obtained as a function of six o t h e r  dimensionless 

parameters 

The instantaneous dimensionless 

Analyses based on one-dimensional flow models yielded functional 

re la t ionships  for t he  dependence of the  dimensionless mass flow rate (or 

a l t e rna te ly  the  dfmcnsionless l iqu id  height i n  the  container) on t he  

o ther  pe r t inen t  parameters obtained from dimensional ana lys i s .  

charge through an or i f ice  and through a tube wera considered. Analyses 

based on tho assumption of quasi-steady flow, and neglecting i n e r t i a  

e f f e c t s ,  yielded simple mathematical so lu t ions  which were r ead i ly  evalu- 

ated.  However, these so lu t ions  become inaccurate as the  r a t i o  of the  

container cross-sectional area t o  t he  discharge area is decreased. Im- 

proved analyses, which properly account f o r  i ne r t i a  e f f e c t s ,  yielded 

second order non-linear d i f f e r e n t i a l  equations describing the  dynamics 

of  the  process. Numerical so lu t ions  of these equations were obtained 

with a Fourth-Order Rungt-Kutte method by means of d i g i t a l  computation. 

A closed form so lu t ion  was a lso  obtained for the case of t r a n s i e n t  

Both d is -  



discharge through an o r i f i c e  with a constant discharge coef f ic ien t .  In 

r e a l i t y ,  t h e  discharge coe f f i c i en t  for discharge through an o r i f i c e  and 

the  f r i c t i o n  f a c t o r  f o r  discharge through a tube both vary during a trans- 

ient  discharge process due t o  continuous changes i n  Reynolds number. 

However, it was found t h a t  when the  Reynolds number i s  of t h e  order  of 1000 

o r  l a r g e r ,  p red ic t ions  of acceptable engineering accuracy can be easi ly  

obtained by assuming the discharge coe f f i c i en t  or f r i c t i o n  factor, re- 

spec t ive ly*  t o  be constant throughout t he  e n t i r e  process. For the  case 

of discharge through a tube, a closed form so lu t ion  i n  terns of elemen- 

tary functions was obtained for the  s i t u a t i o n  i n  which t h e  ex terna l  pres-  

sure  drop is much g rea t e r  than the i n i t i a l  hydros ta t ic  head i n  the con- 

ta iner .  L i m i t s  of v a l i d i t y  f o r  the  various analyses were determined. 

Final ly ,  experiments were conducted in  ranges where the i n e r t i a  

e f f e c t s  were s i g n i f i c a n t  using two d i f f e r e n t  entrance geometries fo r  the 

discharge tube entrance (rounded and sharp-edged entrance) .  A closed 

c i r c u i t  Stop-Action TV system was used f o r  recording and read-out of 

experimental data.  

of the s i m i l a r i t y  parameters obtained from dimensional ana lys i s ,  and were 

a l so  compared with the ana ly t i ca l  predict ions.  

The r e su l t i ng  measurements were evaluated i n  terms 

These evaluations and comparisons e s t a b l i s h  the  v a l i d i t y  of  the  

sca l ing  procedures developed and subs t an t i a t e  t h e  ranges of accuracy for  

the  various s implif ied ana ly t i ca l  models. 

r e su l t i ng  s i m i l a r i t y  re la t ionships  obtained can be applied t o  l i qu id  f u e l  

rocket technology and i n  o ther  areas  where rap id  discharge of l iqu ids  is 

encountered. 

The techniques used and t h e  
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form of dependence among these pa rme te r s .  

of the  parameters are s ign i f i can t  and which of them can be neglected. 

Hence, dimensional analysis  should be supplemented by experiment, experi- 

ence, and mathematical analysis  wherever possible,  t o  make scale model 

t e s t ing  f eas ib l e  and meaningful. 

Neither can it p red ic t  which 

Flanigan and Putnam (Ref. 10) discuss  the  pr inc ip les  of s imi l i tude  

i n  f l u i d  flow and c l a s s i f y  modeling programs i n t o  four  general categories  

as 

(a) diagnost ic  

(b) pradic t ive  

(c) developmental 

(d) bas i c  

As w a s  suggested i n  t h e i r  paper, the appl icat ion of modeling t o  p r a c t i c a l  

problems usual ly  involves mom than one category. The problem of scal ing 

and t e s t ing  d i s to r t ed  models f o r  va l id  scale model work w a s  discussed by 

Ezra (Ref. 11). Various methods for dis t inguishing the independent and 

dependent s imi l a r i t y  parameters and finding the re la t ionships  between 

them were suggested. Methods f o r  scale model work, even when one or more 

independent parameters cannot be scaled and when there  is no knowledge o f  

aathematical  re la t ionships  between the independent and dependent var iables ,  

were given by Ezra. In sho r t ,  the problem t r ea t ed  i n  t h i s  involves 

a twofold attempt to: 

(i) match the  relevant  non-di nsional  parameters for scrrled 
dam and f u l l  sca le  rocke propel lant  containers so t h a t  
the non-dimensional mass f l o w  coef f ic ien t  remains tho s 
and 

(ii) determine its var ia t ion  with each of the o ther  d i  
parameters. 





12 

i n  an i n f i n i t e l y  long pipe subjected t o  a sudden pressure grad ien t .  The 

results of these inves t iga t ions  (References 16 through 22) are discussed 

i n  some d e t a i l  i n  Chapter 4, where the  one-dimensionality of flow through 

o r i f i c e s  and tubes is examined. 

Recent textbooks on f l u i d  mechanics (Refs. 4 and 231, however, huve 

discussed the  problem of unsteady discharge of a container  through an 

o r i f i c e .  There t h e  unsteady flow equation is s impl i f ied  f o r  f inal  in- 

tegra t ion  ( to  obtain the total efflux t i n e ) ,  w i t h  t he  assumption t h a t  

the  d isch i rge  area is small i n  comparison with t h e  container  area,  there-  

by excluding t h e  e f f e c t s  o f  local  accelerat ion.  Bird, Stewart and Light- 

foot (Ref. 24) give the  correct ion f o r  t h e  t o t a l  efflux time, necessary 

i n  case of constant cross-sect ion v e r t i c a l  tanks w i t h  large discharge 

openings ( in  comparison with t h a t  of the t a n k )  i n  t he  f o m  o f  a d e f i n i t e  

i n t eg ra l ,  Winter and Schoenhals (Ref. 25 and 26) have reported a ;"b 

so lu t ion  of the  unsteady energy equation, f o r  t he  case of  discharge through 

an o r i f i c e .  Sestak,  Jezek and Jirsuk (Ref. 27) a t  about t he  tinre t h i s  

work was being completed gave an ana ly t i ca l  so lu t ion  t o  the  same problem. 

These a re  discussed i n  l a t e r  sec t ions  of the  

In summary, it can be sa id  t h a t  although t h e m  have been nutnerous 

inves t iga t ions  with regard t o  individupl phenomena, f u r t h e r  u t t sn t ion  is 

needed with respect  t o  the  modeling of rapid discharge of u l i q u i d  frm 

a container ,  taking i n e r t i a  e f f e c t s  i n t o  account. 

the present  inves t iga t ion  the  r e s u l t s  of which are reported i n  the  f o l -  

This is the  a i m  of 

lowing chapters of t h i s  art d 
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impede t h i s  accelerat ion.  

the change i n  veloci ty  of  a f l u i d  p a r t i c l e  as it  t r a v e l s  from a region 

of one ve loc i ty  into a region having a d i f f e ren t  velocity.  Thus, con- 

vective accelerat ion can be produced even i f  the  flow is steady. Local 

accelerat ion of t h e  f l u i d  is associated with the time varying, or trm- 

sient, condition of the  flow. This accelerat ion component, a t  any point  

i n  the system, is equal t o  the time r a t e  of change of ve loc i ty  a t  t h a t  

point ,  

p a r t i c u l a r  point  i n  the system, give the  actual  accelerat ion of the f l u i d  

p a r t i c l e  passing through t h a t  point  a t  a s p e c i f i c  i n s t an t  of time. 

Convective accelerat ion is  associated with 

The two accelerat ion contributions,  when added together  a t  a 

i n  

each of tho analyses which are presented i n  la ter  sec t ions  of the 

the physical e f f e c t s  accounted f o r  a re  indicated,  and e r r o r s  produced by 

i t t i n g  ce r t a in  physical e f f e c t s  are  evaluated. 

In the  ana ly t ica l  treatment of the problem the flow w a s  assuraed t o  

be one-dimensional. 

t heo re t i ca l  and experimental r e s u l t s  obtained by previous invest igators .  

Rouse and Abul-Fetouh (Ref. 16) conclude t h a t  f o r  steady i r r o t a t i o n a l  

flaw through an ax ia l ly  symmetric o r i f i c e ,  changes i n  ve loc i ty  and pres- 

sure due t o  convective accelerat ion a re  confined t o  a region of about 1 

diameter (of the  orifice) upstream and downstream of the o r i f i c e  i n  the  

l imi t ing  case of very small values of E. 
creases with increasing values of r 
across the  c r o s s - s e c t b o f  the o r i f i c e  itself i s  near ly  uniforrn. Sard 

and Oliver  (Ref. 17) found tha t  draining of a tank through an o r i f i c e  

produces o s c i l l a t i o n s  of the free surface.  

t h a t  drainage generated a damped o s c i l l a t i o n  

TJ 

This assumption can be j u s t i f i e d  on the  b a s i s  of 

This region of influence de- 

Further, the  pressure d i s t r ibu t ion  

Experimentally, they observed 

> 0.25 the  osc i l l a to ry  amplitude was too small to  be experimentally 
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Transient Discharge Through a Tube 

In t h i s  section of the an analysis of transient discharge of 

a container through a tube, which takes local acceleration effects into 

account,*is presented. 

drop are also considered. 

lowing table. 

Forces due to  viscous shear and external pmssum 

These conditions a n  summarized in the fd- 

Table 6.2: Physical Effects 

I Forces Fluid Acceler8tion 1 
Boundary Forces Local Acceleration 

@ Gravity Forces 

@ Forces due t o  External @ Convective Accsbrrtion 
Pressure Drop 

Viscous Forces 

I t  is assumed that: 

1) 

2) 

3) 

4) 

the flow i s  one dimensional 

the flow is incompressible and single-phase 

the surface of the fluid is horizontal a t  a l l  times 

friction and iner t ia  effects i n  the container are 

negligible, so that the  pressure a t  the entrance t o  t h e  

tube is given by Bernoulli's equation. 2 

the discharge tube diameter is small 
enough, relative to  the container diameter, so that the frictional and 
inertial  effects associated with the higher velocity levels i n  the tuba 
outwei~h these s e effects for the fluid i n  the container. 
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Table 7.1.  Ce eters Used in Expari 

Discharge A 
Diameter (in.) Ratio B 

10.97 

10.97 

10.97 

8.95 

8.95 

8.95 

5.49 

5.49 

5.46 

3.95 

2.95 

5.46 

3.95 

2.95 

3.95 

2 '95 

4.03 

7.70 

13.78 

2.68 

5.13 

9.18 

1.93 

3.45 

3.91 

7.64 

13. '74 
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8- mrde for further research. 
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t o  experimental technique. 

hazarduous from a s a f e t y  viewpoint; hence visual  observation 

techniques may not be so r e a d i l y  employed. 

sure  measurement technique described above may be t h e  most ap- 

propr ia te ,  

it can be operated by an automatic opening device in s t ead  of by 

manual manipulation. 

recording the  height  of l i qu id ,  so that the time of i n i t i a t i o n  

of discharge (t = L O )  can be accura te ly  determined. Attent ion 

should be devoted t o  keeping the  u l lage  pressure (P,) i n  t he  

container  constant during rap id  discharge. 

The effect of having mult iple  o u t l e t s ,  some of  which may no t  be 

ve r t i ca l ,  should be s tudied.  

depend on the geometry and spacing of t he  o u t l e t s  should be 

developed. The ana lys i s  presented i n  t h i s  can be easily 

extended t o  the  case of discharge through non-vert ical  tubes. 

In t h i s  case the  grav i ty  force i n  equation (6.8) should be 

modified to  read pgLa   COS^), where 0 is  the angle of i nc l ina t ion  

of t he  discharge tube t o  the  v e r t i c a l .  

Scal ing of two-phase flows should be s tudied  i n  order  t h a t  

scaled test  results may be t r u l y  appl icable  t o  la rge  l i qu id  

propel lan t  rocket systems using cryogenic propel lan ts  and 

oxydizers. Experiments with l i qu id  ni t rogen n igh t  prove very 

f r u i t f u l  i n  t h i s  endeavor. 

Measurements of pressure d i s t r i b u t i o n s  and ve loc i ty  p r o f i l e s  should 

be obtained t o  provide a b e t t e r  knowledge of t h e  flow development 

and the associated losses  under t r ans i en t  discharge conditions.  

P lex ig lass  containers  may prove 

Resort t o  t h e  pres- 

A quick ac t ing  gate valve should be designed so t h a t  

This should be coupled t o  t h e  equipment 

3. 

Proper sca l ing  techniques, which 

4. 

5 .  
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APPENDIX A 

ALYSIS OF LIQUID DIS 

For the d i ~ ~ h a ~ g @  of a liquid from a o n t a i n e ~  through a tube, the 

~~~0~ liquid height is g i v  n by (see eq 

ong with their  dimensions i n  t 

VARIABLE 

t time 
of di 

Y 

AP 

g 

P 

V 

1Cqui.d height in  eont 
time t 

di  of discharg 

di  s ch 

inir ght of the liquid 
i n  c T 

ef 
8 C  

T 

L 

L- 

L2 



5 

roups, The f o l l ~ i n ~  t le gives the 

d i ~ e ~ s € o n ~  of M, L, and T, for each of these groups 

Di~ensions 
M L T 

8 -3a *b +e +l - 2b 
a -3a +b +c -2b +1 

a -3a *b +c e l  - 2b 

a -3a +b i c  + f  -2b . 

a b c  
D P  8 H 

a b  

a b c  
d P  g HC 

- 2b L P  g H 

+1 -3a +b 4c -1 -2b -2 

8 -2b -1 

In 0 to less g ~ o ~ p ~  i 

o the following: 

Sirnuit m e o w  Equations 

* Q  a * O  

-3a +b +C +I sa 0 b = Q  

-2b 0 c = -1 

saciated with th 

d with the 0 ~ ~ e ~  quanti 



c o ~ b i ~ e d  t o  form others, s t i l l  maintaining the same number of  independent 

For instance r3 and r4 can be altered t o  f o  ters. 

L d G  Similarly n4 and tp g, be transformed to yield 8: = 3 and IT; 3 . 7 V 

For convenience of physical i n t e ~ r e t a t i o ~  numerical. const 
1 duced, B v2 i s  multiplied by - where 

since t h i s  ~ ~ r a ~ t e ~  arises n 

B ~ ~ o u ~ l i ' s  equation (equation 5 . 1 ) .  The f inal  result is  w ~ i t t ~ n  as 

I ty  i n  a quasi-steady y s i s  using 

quation ( 3 . l b )  can be reduced to y i e l d  the 

mass flow rate as 



APPENDIX B 

Q U ~ ~ ~ ~ ~ ~ Y  FLOW THROUGH AN ORIFICE IN THE ABSENCE OF 

VISCOUS EFFECTS FOR ZERO PRESSURE DROP 

Figure 5 . 1  i l  ustrates the system for t h i s  lysis. Here it  i s  

asswned that the ve loc i ty  of the fluid i s  constant over any ~~~~~- 

Also, the surface of  the i s  assumed t o  be ho 1 ab all times. 

me discharge mass flow rate r i  i s  given p 

ion. 

2~ and continuity 

where V1 and V2 a 

For the  conditions indicated f 

the  f l u i d  v e l o c i t i e s  ~t locations 1 

, Since A m d  v* = - - coord~nate system shown, V I  = - a 

PI = P2, e q ~ a ~ ~ o n  (B2) becomes 

1 
P 8 Y 4 TP (- 

1 
" 6  



ter d e p e ~ d i n ~  only on the geometry of A 2  tczi -11, a P 

because y d ~ c ~ ~ a s ~ ~  as t 

38s. I n t ~ ~ r a t ~ o n  o f  equation (B4) yields 

which relates  the i n s t ~ R t ~ e o ~  height of l i q u i d  to  

of discharge. Equation (B6) can be rewritten 8s 

2 

which shows that the i n s t a n ~ ~ e o ~  height is  re1 bslically, 

lies that the tota l  dischar * These 

~ e ~ ~ n t e ~  graphic 
d rate of disch rrge i s  p A  (- &) where 

But from equati 

==e@,.= 

The , equation (B8) becomes 



n t  of t h i s  equation provides the  r e s u l t  i n  d i m ~ n s i ~ ~ l ~ s s  fo  

which is 

For systems having f ixed geom try,  $ has a constant value so t h a t  

l y  a function of  [ according t o  equation (B11). This i s  i n  

a g ~ ~ ~ n t  with the  $ i m ~ n s i o n a ~  a l y s i s  result given i n  

A p l o t  of equation (B11)  is given i n  Figure 5.3 which ~ h ~ w s  

d discharge rate decreas s linearly with time. This decrease 

with time i s  ssoc ia ted  with the  drop-off i n  the  hydros ta t ic  head y (which 

g r a v i t a t i o n ~ l  dr iv ing  po ten t i a l )  as l i q u i d  is  r 

from t he   contain^^. 
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2 P 4  2 PV2 4 ht 
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P 

f dim 

t h i  t t  



y' = 1. 

th 

d i m ~ n ~ i ~ n l e s ~  height of the l iqu id  ( ~ l t ~ ~ ~  

flow rate)  i s  dependent on the s i x  dimensk 

nsional analysis I Far ~ ~ n v e ~ i e n ~  

". c* y" = cg 2 

where 

2 c* = 48 

s with ~ n ~ r e ~ i n g  t * ,  ~ q u ~ ~ i ~ n  (C5c) y i e l d s  

5 Y '  + c-3 

cl 
1 = -  dt * 

tion (66) can b i ~ t ~ g r ~ t ~ ~  with the above menti 

to g ive  

5 + c  1 2 3)2 t' + - t* y * = 1 - (  
4cP 



e of neglig~b~e viseom C t S  

2 1 
y* = 1 - 2 (1 + + ;)2 t* 4 t* 

i n d i ~ ~ ~ ~ n g  th t the dimensionless height o f  liquid is ~ndep~ndent  of th 

P ter 6. 

The ~ ~ m e n s i o n l ~ S s  mass flow rate is given by 

1 
5% “‘1 

m 
6 

c2 + c 
t* 

flow rate d e c r ~ ~ e §  line 
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L 5 0 1 6 r ~ L U 1 ( U T L A ~ T Z O O r C ~ 5 O O O O r P f i ~  
RLN( 5). 
LGO. 
7 

PROGRAC M A I N (  I N P U T  r O ( J T P U I , P ~ I N C H a  T A P E S = I N P U T I  T A P E 6 ~ 0 U T P U T r  TAPE7sPUN 
l C H I  

C 
C 

100 R E A D  15.30). MONTH, OAV, Y E A R *  RUN 
30 FORMAT t 6 1 X *  A 3 *  A 3 9  41, 7X, A 4 1  

C 

C 
C R F A D  I N  V A L U E S  FOR C O N T A I N E R  D I A M E T E R I  D I S C H A R G E  TUBE 0 l A M E l " E R  (IN t .NCHES1 
C A N 0  THE D 1 S C t l A R G E  C O E F F I C I F N T .  

I F  ( E C F e  5 1  99, 9 

9 R E A D  (5 .1)  01, 0 2 ,  CD 
L FORMAT I j F 1 0 . 3 )  

C 
C C A L C U L A T 1 C N  OF E X P E R I W F N T A L  CONSTANTS. 
C 

A l B Y A 2  - ( 0 1 / 0 2 ) * * 2  
0 - I A I B Y A 2 ) * + 2  
B E T A  SORT (Q-1.B 
A L F A  = B E T A  * *  2 
CONS - ( C o t *  ( 9 Q R T I  t 4 , * A L F  A ) / (  A L F A - l .  1 ) 1 
VR I TE (6 q 2OOt 

200 F O R M A 1  (1+41e 3 7 x 9  S I H  T H E n D I T I C A L  CURVE FOR D I S C H A R G E  THROUGH AN 
l C R I F I C t / / )  

W R I T E  (6 ,201 )  
2 0 1  F O R M A T  ( 3 4 x 1  56H I R A N S I E N T  O I S C H A R G E  A N A L Y S I S  WITH DISCHARGE1 COEF 

I F L C  I E N T / / / /  f 
W R I T E  ( 6 . 3 1 )  RUN* MONTHb DAY, YEAR 

W R I T E  (6 9 321 
3 1  PORMAT ( 4 5 x 1  1014RUN YO. * 7 A $ *  5 x 9  6HOATE 113, A 3 e  A 2 1  



3 2  

2 0 2  
1 

203 
1 

204 

P ORMA 7 ( 45X * 6 I+----- e 4 X  b 4 5 X  14H---- -^----- / I / )  
XRITE (6.202) D l r  AlBYA2 
FORMAT I l " X ,  34HTANK DIAMETER D = 9 F813rSW 1N-v 
10x1  40HAQEA RATIO = F8.3) 
WRlTE (6,2031 02. BETA 
FORMAT l lnX, 34HDISCHARGE DIAMETER = ~ F 8 . 3 9  5H 1 N . r  
10 Xr4OHBETA a rF8.31 
WRITE (6, 2041 c o  
FORMAT ( 6 7 X r  4OHDISCHARGE COEFFICIENT v F8.3//1/  

1/1: 
WRITE (6 ,831 

8 3  FORMAT (30Xc13HDfHEN51CNLESSe 15x1 I ~ H D I M E V S I O N L E S S I ~ S X ~  L3HDIMEN9f 
1CNLESS) 

WRITE ( b r f l 4 )  

7 1  0.5 I IALPA - 1.) 
2 2  = SQRT ( Z 1  / (2.*ALFA))  
23 i 22 I GO 
CALL BETAAB IZL, 0.5, BETAYY) 
TBAR (1 )  = 0.0 
YBAR I l l  = 1.0 

8 4  FORMAT 1 3 4 X , 4 H T I M E * Z 4 X r b H H E f G H ~ c  18x9 14HMASS FLDU RATE/ / )  

FMBAR (11 i 0.0 
WRITE l 6 , 1 0 0 7 )  TBAK ( 1 ) .  YBAR ( 1 ) r E H B A R  (11  
00 1 0 0 3  N =. l r 2 5  
I F  ( N - 1 0 )  1004, 10049 1005 

L O O 4  YBAR ( N + 1 )  = YBAR I N 1  - 0 - 0 2  
GO T O  1006 

LO06 V Y  = YBAR ( W l f  
1005 YBAR ( N + l 1  = YBAR ( N )  - 0 . 0 5  

FX 5 I V Y )  *+ (ALFA - 1.1 

T8AR ( N + 1 )  = 23 * (BETAKY - 8ETXAB) 
EHBAR (N+1),  = - 1 O o 5 ) * C U N S * ( ~ 0 R T ( Y B A R ( N + l ~  - l Y B A R I N + l ) * * k L F A ) ) )  
WRITE (6 .1007)  TEAR 1N+1); YBbR (N+11 e EMBAR ( N + 1 )  

f ORMAr 
WRITE (6, 2 O O O L  21,. 2 2 ,  23, BETAXY 

CALL LNCBET l Z l r  0 - 5 ,  EX, BETXAB) 

1 0 0 3  CONTI NUE 
IO07 ( 3OXvF 10.3 9 1 8 X  9 F 10. 4,18X, F 10.4) 

2000 FORMAT ( / / / /  3F10.6. 5xb €15.6) 
GO TO 100 

FND 
5UBROUTINF INCBET 1 Pc Qt X r  BETXPP 1 

99 STOP 

C 
C T H I S  PROGRAM rOHPUTES INCOP'PLETE BETA FUNCTIONS USING SOPER APPROXIWATtON* 
C (SEE TRACTS FnR COMPUTERS NO.?, PAGE 2 3 )  
C 

A = ( X * * P l  / I (P+1 .1  * I P + t . ) )  
81 =. 2.0 I P 
n2 5 -1.0 
R . 3  i (4.0) * (11.0 - L 0 . 5 * X 1 )  ** ( Q - i o O ) )  
R4 =. P * ( (1.0-x1 * *  (0-1.0)t 
R = 81  + 0 2  + 83 + 84 
RETXPC = A * 8 
RE TURN 
EN0 
SUBROUTINE UE lAAB 4 A, 81 BETA) 

C 
C THIS SUBRUUTI'+E COMPUTES CIIHPLFTE BETA FUYCTIONS. 
C FUR G I V E N  VAL'IES OF A AND B 
C 
C R € C E ~ R k R  BETfi I A r R I  = R E T A  (@;A)  



6 

C 
A 1  = GAMMR ( A )  
R1 h GAMMA I B 1  
C = A + E  
C 1  =. GAMMII 1 C )  
B E T A  = ' IAL * 6 1 )  / Cl 
R E T U R N  
E N D  

F I J N C T I C N  G h M M A ( X 1  GAMOOODl  
C 
C T H I S  I S  S H A R E  PROGRAM NO. 3155-  
C 

7 5  F O R M A T ( 6 6 H  GAMMA F U N C l I C N  O f  A N E G A T I V E  INTEGER, OR OF ZERO, f S  NnGAMOOO(Y2 
11 D E F I N E O . 1  G A M 0 0 0 0 3  

5 IF(X) 10.80,.15 G AM0 0 004 
10 A'=-x G A MO 0 005 

EN= -N- 1 G A M 0 0 0 0 6  
V=X-EFI G A M 0 0 0 0 7  
I P  (V -1 , )  20 t80 9 2 0  G A M 0 0 0 0 8  

15 N3X G A M 0 0 0 0 9  
EN=& G A M 0 0 0 1 0  
V-X-EN G A M 0 0 0 1  1 

20  GAMMA= L.+V* ( . 4 2 2 7 8 4 3 1 7 + V * (  - 4  1 184025  1 8 + V * (  - 08157821 8 7 8 + V *  G A M 0 0  01 2 
1 ~ ~ 0 7 4 2 3 ? 9 0 7 6 1 + V * ~ ~ ~ 0 o o 2 1 o 9 0 7 4 6 7 3 + V ~ ~ ~ 0 1 0 9 7 3 6 9 5 8 4 + V * ~ ~ ~ 0 0 2 4 6 6 ~ 4 7 9 8 1 G A M 0 0 0 1 3  
2 + ~ * 1 ~ 0 0 1 5 3 9 7 b 8 1 0 S ~ V * ( . 0 0 0 0 3 4 4 2 3 4 2 0 4 6 ~ V * ~ ~ C 0 0 6 7 7 1 0 5 7 1 1 7 t ~ ~ ~ ~ ~ ~ ~ ~ ~  G A M 0 0 0 1 4  

I F t E N - 2 . )  3 7 r 2 5 t 3 0  G A M 0 0 0 1 5  
25  RETURN G A M 0 0 0 1 6  
3 0  h 3 N - L  G A M 0 0 0 1 7  

00 35 IP2.N G A M 0 0 0 1 8  
F I - 1 :  G A M 0 0 0  19 

3 5  G A M H A = G A M M A * ( F I + V I  G A M 0 0 0 2 0  
R E T U R N  G A M 0 0 0 2 1  

3 1  K=2.-EN G A M 0 0 0 2 2  
DO 40 I r l r N  G AM0 0 0 2 3 
FIZZ-I G A M 0 0 0 2 4  

40 G A M M A = G A M M A / L F I + V )  G A MO 002 5 
RE TURN G A M 0 0 0 2 6  

80  W R I T E  1 6 9  7 5 )  G A M 0 0 0 2 7  
R E T U R N  G A M 0 0 0 2  8 

END G A M 0 0 0 2 9  
7 
r 



S I D  150 16*2*lO*O*HULUKUTLA* 
S t XECUTE I 6  JOB 
S I B J O B  
SIBFTC M A I N  NOD6CK 
C * * * 4 * ~ * * * * * * 1 * * * * * * ~ * * ~ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * ~ *  
C T H I S  PROGRAM REDUCES THF EXPERIMENTAL D A T A  TO A NOY-DIMENSIONAL FORM AN0 
C CALCULATES THF THEORlT lCAL CURVE FOR THE G I V E N  SET OF EXPERIMENTAL CONDITIONS 
C FOR DISCHARGE OF A CONTAINER TWROUGH A TUBE. 
c -__-_----_^---------------------------- 

C $ , * * * ) * * + * + $ ) * + t * * * * * * * * * * * * * ~ * * 8 * * * * * * * 4 * * * * * ~ * * * * * * * * * * * * * * * * * * * * * * ~ * * * ~ * * * * *  

C 
C CLEAR ARRAYS 

D I M E N S I O N  T R A W  ( 5 0 1 .  Y ( 5 0 1 9  TSEC 1 5 0 ) '  TSTAR 150)r YSTAR 1501 
D I M E N S I O N  T T H E O  l 3 0 > 0 ) , Y T H ~ O  3 0 5 0 I e  EHTHEO 13050)  

LOO R k A D  1 5 ~ 3 0 ) .  MClNTtir DAYS YEAR* RUN 
30 FClRMAT I 6 L X t  A3r A 3 8  AZc 7 X t  A 4 )  

C READ I N  VALUES FOR CONTAINER OIAHETERr OlSCHARGE JUBE DIAMETER* LENGTH OF 
C TUBEt AN0 I N I T I A L  HEIGHT OF L l n U I D .  ALL DIMENSIONS SHOULD BE I N  INCHES. 

R E A D  15r11 011 0 2 1  F L r  EH 
1 FDRHAT 14F10.3) 

C READ I N  F R I C T I O N  FACTOR. ENTHA*'CE LOSS C O E F F l C I E N T r  TANK PREuSSURE AN0 THE 
C DISCHARGE PRESSURE, PRESSURES SHOULD BE I N  PSIA. 

R E A D  1 5 ~ 2 )  CD, E N i L n s ,  p i ,  P Z  
2 FORMAT f4F1'3.3) 

C R E A 0  I N  kUA1A E K r t R I M E N T A L  PCTNTSr WITH l R A W  ( 1 )  AS C L K K  T I M E  I N  SECS. 
C Ab0 Y 1 1 1  THt INSlANIANEl lUS M E T C H I  I N  INCHES FROM THE ROTIOM OF THE TANK 

READ ( 5 ' 5 1  NDATAr (TRAU ( f i r  Y ( 1 1 1  I 1 r  N D A I A )  
3 F O R M A 1  I2 / 1 2 F 1 0 . 3 ) )  

C CALCIJLAI I  CN OF EXPFAIMENTAL CONSTANTS. 
r, = 32.2 
DP T ( P I - P Z )  
A 1  BYA2 = t D L /  D2 ) * + 2  
Q = I A l B Y A 2 ) * * 2  

FLRYEH = € L / E t 1  
FLBYD = €C/O2 

R H O G  = 62.4 

DPBYRO - (144./RHOGb * L OP/EHFEET I 
TlMCON = SQRT ( G / l 2 , * E t i F f E T l  I /  HF I A  

DO 10 K a l r N 0 A T A  
TSEC ( K )  a I R A W  I K 1  - TRAW 1 1 )  
TSTAH ( K )  =. I lHCON * I S E C  I K )  
YSlAR ( K )  =. Y IK) / E M  

B E T A  S Q R T  19-1.) 

C A S S U M E 0  WATFH AS 1HE WORKING FLUID. 

E H F E E I  3 C H / l 2 .  

C REDUCk EXPERIMENIAL POlNlS JO THE D I M E N S I O N L E S S  FORM. 

10 CONTlNliE 



C CALCUALATICN OF EXPERIMFNTAL VALUES ENDS HERE 
C OLTPUT OF EXPERIMENTAL VALUES 

2 0 0  

2 0 1  

3 1  

3 2  

2 0 2  
L 

203 
L 

2 0 4  
1 

2 0 5  
1 

2 0 6  
1 

2 0 7  
1 

2 0 8  
1 

2 0 9  
1 

210 

2 1  1 
C 

WRITE (6 ,200)  
FORMAT I l H l ,  48Xv 25HREDUCFD EXPERIMENTAL DATA) 
WRITE (6 ,2011 
FORMAT ( 4 9 X q  25H----------------------- / I / /  
WRITE (6 ,311 RUN, MDNTHI " A Y t  YEAR 
FORMAT ( 4 5 X p  LOHRUN NO. = 9' A49 5x1  6HDATE A39 A 3 r  AZ)  
WRITE (6 .32)  

WRITE ( 6 , 2 0 2 )  O L r  A l B Y A 2  
FORMAT ( l o x ,  34'HTANK DIAMETER 0 t F8.3rfiH I N - ,  
10x1. 40HAREA RATIO = s F8.3) 
WRITE ( 6 , 2 0 3 )  02, B E l A  
FORMAT ( L O X ,  34HDISGHARGE VIAMETER * r F 8 . 3 ,  5H I N - ,  
L O X  e40HBETA = vF8.31 
WRITE 16,2041 EL, ELHYD 
FORMAT (10x1  34HDISGHARGE TUBE LENGTH L = rF8.31 5H IN . ,  

P 0 RMA T ( 4 5X , 6 +---e- ,4X,4H---* 5 x 1  L4H---- -------- ///I) 

l o x ,  40HLENGTH OF TUBE / "IAMETER = r F 8 . 3 1  
WRITE ( 6 , 3 0 5 )  E H t  ELBYEH 
FORMAT ( 1 " X .  3 4 H I N I T I A L  PEIGHT OF LI@JIO t i  = e F8.3, 5H IN. 
t 10x1 40HLENGTH OF TURE / I N I T I A L  HEIGHT = F8.3) 
WRITE (6 ,706)  PL, DPDYRO 
FORMAT ( 1 n X  34HTANK PRESSllRE = 9 F8.3r6H PS1.A 
9 9 x 9  40H"RESSURE DIFFEREYrE / RH0.C.H = * F8.31 

FORMAT L L*X,  34HDISCHARGE PRESSURE rF8.3r  6 H  P S I A  
q 9 x 1  40HFRICTLON FACTOR = * F 8 - 3 )  

FORMAT ( 6 7 x 1  40HENTRANCE LnSS COEFFICIENT K P r F 8 . 3 / /  
/ / / / I  
WRITE 16,709)  
FORMAT I3"X,4 t lT IME*  l l X t 1 3 k t  I Q U I D  HEIGHTI~X,  13HOIMENSIONLESS~ 
7Xv13HDIMFNSIONLESS) 

W R I T E  (6 ,707)  PZ, c n  

WRITE ( 6 . 2 0 8 )  ENTLOS 

HRITF (6,310) 
FORMAT 
WRITE ( 6 , 3 1 1 )  ( T S E C  ( L ) ,  Y I L ) ,  T S r A R  ( L ) r  Y S T A R  ( L l q  LS laNDATA)  
FORMAT ( 2 4 X ~  F10.2, l o x i  F10-1, 10x1 FLO-3, LOX,  F10.3) 

( jnX,4HSEC-r 15X,6HIVCHES, 15X, 4HTIWE9 1 5 x 1  6HHEIGHT/ / / I  

C S T A R T  CALCULATION OF THEORITICAL VALUFS 
C 

P = ( R E T A W 9 2  
C 1  =. FLBYEH 

C 3  = (Z.*PI/( AlRYA21 
C2 T - 0.5 4 ( ( P / A I n Y A Z )  + I(CC* ELBYD + ENTLOS 1 * AIBYAZ 1,) 

C4 = - (2.  * P/A l t3YA2)  * (ELBYEH + OPBYRU) 
CALL RUNKIJT ( C L r  C2. C3, C4r TTHEOt YTHEOI EMTHED, J1 



8 4  FORMAT 13bXr4HT I M E r 2 4 X * 6 H H E I G H l ,  18x1 14HMASS FLDW R A T E / / )  

8 5  FORMAT 1 3 n X + F 1 0 * 2 r  1 H X s F l O . ~ r 1 8 X r F l 0 . 4 1  
WRITE 16eR5) (1THEO ( N l r  YTHEO ( N l r  EMTHEO f N ) r  N * 1 9  2001 10) 

I F  t J - Z O O 1  300,. 300*310 
310 WRlTE 1 6 r P 6 )  [Tl'HEO I N ) .  YTHEO ( N )  9 EMTHEO ( N l r  N = 20Lb JI 501. 

3 0 0  WRITE ( 6 ~ 7 0 6 1  61, CZI C3r  C4 
7 0 6  FORMAr ( / / / 4 F 1 0 . 3 )  

8 6  FORMAT ( 3 " X 9 F l O o 2 r  LHX,F10*4r l B X r F 1 0 . 4 )  

GO TO 100 
E N D  

SIBFTC RUNK NC1DEf.K 

C 
C I N  T H l S  PROGRhM Y IS NONDIMENS~ONALISEO W.R.1. THE I N I T I A L  L I O U I - D  
C HEIGHl C A P I T I L  H 
C ALSC BETA t S  (JSED T O  NONDIMENS~ONALISE TIME 1 

SU BROU T I NF RU NKUT ( C 1 r C2 r C 3 r  C4r  1 I Y r EM 9 J ) 

C 

5 2  
5 1  

50 

7 0  

SIBFTC 

L l B F T C  

DIMENSION TL30501,  Y ( 3 0 5 0 ) t  V 1 3 0 5 0 ) r  E M ( 3 0 5 0 1  
T ( 1 )  = 0.0 
Y ( 1 )  = 1.0 
V I 1 1  = 0.0 
FH I, 0.001 
I = o  
I F  (1-3000) 51r50r50 
T = I + l  
FX =. T ( I )  
V Y  = Y ( 1 l  
u = V I 1 1  

D l U  GYUT (EX,VYI I l r  C 1 r  r 2 r  C3r  C4r  EH) 
DZ Y = FYUT I I EX+O .5*CH ) v  (VY+O* 5 * D l Y  I (U+015*DlUf  r C  l r C 2 r C  3rC49EH). 
0 2 U  = GYUT ~ l E X + O ~ 5 * E H ~ ~ ~ V Y + O ~ 5 * D l Y ~ r ~ U + O ~ 5 * O l U ~ ~ C l r C 2 ~ C 3 ~ C 4 ~ E H ~ .  
D3Y = F Y U l  I IEX+O.5*EH)r I V Y + 0 . 5 * D 2 Y ) r ( U + 0 , 5 * D Z U ~ r C l r C 2 r C 3 ~ C 4 ~ E ~ ~ .  
0311 = GYUT I t  E X + 0 . 5 * F H ) ~ 1 V Y + O . 5 + D 2 Y ) ~ ~ U + O . 5 * D 2 U ) c t l r C 2 r C 3 ~ C 4 r E H )  
0 4 Y  FYUT ((EX+EH)o(VYjD3Y)rlU+D3U)* C l r C 2 r C 3 r C 4 9 E H )  

DIY = FYUT (EX,VY, U. c i ,  c z .  c3,  c4,  E H )  

D4U = GYUT ( ( E X + E H t . ( V Y + 0 3 y ) r ( U + D 3 U ) r  ClrC2rC3,C4,EHl  
DY ~l (1 . /6 . )  * 1 0 1 Y t ( 2 , * 0 2 Y ) + ( 2 . * D 3 Y ) + D 4 Y 1  

Y l I + l ) =  Y f I b  +DY 
V ( I + 1 )  = V ( 1 )  + DV 
T I I + 1 )  = T I I )  t EH 
AMOO = Y f I + 1 )  

J = I + 1  

FMLMl  = - 1 0 , 5 * V ( M I I  
CONT I NUE 
R E  TUKh 
END 
FUNC NnDECK 

F Y U l  = EC * E K  
R E  TURN 
FND 
GUNC NnDECK 

A 1  =. E * ( C * * 2 )  
A 2  =. F * R 
GYUT - 1 I G  - A 1  - A2 ) *  HI/ D 
R E  TURN 
F N D  

DV =. (1./6.) * ( O l U  +(Z.*OZU1+(2.*D3U)* D4U) 

[ F  (AP'CD - 0.01 ) 5 0 r 5 0 r 5 2  

no 7 0  M = l r J r l O  

FUNCT I C N  FYUr I EA, EB, E C v  EDIEEI E F r  EG. EK 1 

FUNCT l C N  GYUT ( A t B r C r D , E , F i G v H )  


